Pituitary tumor-transforming gene-1 (PTTG1) is a transforming gene first discovered in rat pituitary tumor cells. It possesses transcriptional activity and also has securin functions. Chromatin immunoprecipitation-on-chip study reveals that PTTG1 is a global transcription factor, which exerts its transcriptional activity either by directly binding to DNA or by interacting with proteins including PTTG1 binding factor, p53, Sp1, and upstream stimulatory factor 1. PTTG1 has several validated transcriptional targets that are involved in different cellular processes. PTTG1 activates c-Myc in NIH 3T3 cells, suggesting a role in cell transformation. PTTG1 induces fibroblast growth factor 2 expression and promotes tumor angiogenesis.It binds to and inhibits p53 transcriptional activity. PTTG1 activates cyclin D3 and represses p21 expression, indicating a role in cell cycle regulation and cell senescence. Here, we review PTTG1 transcriptional targets and their functions.
Introduction
Pituitary tumor-transforming gene-1 (PTTG1) was isolated from rat pituitary tumor cells in 1997 (Pei & Melmed 1997) , and subsequently identified as a vertebrate securin, which regulates sister-chromatid separation (Zou et al. 1999) . PTTG1 has been reported to be overexpressed in a variety of tumors, including those from pituitary, breast, thyroid, ovarian, uterine, colon, and lung (Kakar 1999 , Zhang et al. 1999a , 2001 , Shibata et al. 2002 , Solbach et al. 2004 , Chamaon et al. 2005 , Tsai et al. 2005 . PTTG1null mice exhibit testicular, splenic, pancreatic b-cell, and pituitary hypoplasia (Wang et al. 2001 , Chesnokova et al. 2005 . Disrupted PTTG1 results in insulinopenic diabetes in adult mice, with maleselective hyperglycemia (Wang et al. 2003) . PTTG1 functions in cell replication (Zou et al. 1999) , cell cycle control (Tong et al. 2007 (Tong et al. , 2008 , DNA damage/repair (Romero et al. 2001) , organ development, metabolism, cell transformation (Wang et al. 2001 (Wang et al. , 2003 , and cell senescence (Chesnokova et al. 2007 (Chesnokova et al. , 2008 . Currently understood mechanisms of PTTG1 action include protein-protein regulation, paracrine/autocrine regulation, and transactivation. In this review, we describe PTTG1 transactivation functions, its role in neoplasis, protein structure, interaction proteins, and transcriptional targets.
PTTG1 transcription function and cancer
PTTG1 is considered as an oncogene because of its effects on tumor development and growth. PTTG1 is abundantly expressed in multiple cancer cells including: hematopoetic cells HL-60 and K562; colorectal adenocarcinoma cells SW480 (Lee et al. 1999) ; lung carcinoma cells A549; melanoma cells G361; hepatoma cells HepG2 (Lee et al. 1999) ; breast cancer cells MCF-7 (Kakar & Jennes 1999) ; ovarian tumor cells such as SKOV3 (Kakar & Jennes 1999) ; small cell lung cancer (SCLC); and non-SCLC (NSCLC; Honda et al. 2003 , Rehfeld et al. 2006 . Enhanced PTTG1 levels in tumor cells are confirmed in tumor tissue such as pituitary (Saez et al. 1999 , Zhang et al. 1999a , Hunter et al. 2003 , McCabe et al. 2003 , colorectal , esophageal cancer (Shibata et al. 2002) , hepatocellular carcinoma (Cho-Rok et al. 2006) , testicular, breast, ovarian (Puri et al. 2001 ), thyroid (Boelaert et al. 2003 , and lung cancer (Rehfeld et al. 2006) . High PTTG1 levels are correlated with higher tumor grade, invasiveness, and tumor vascularity , Hlubek et al. 2006 . PTTG1 demonstrates a transforming activity. Overexpressing PTTG1 in NIH 3T3 and HEK293 cells readily transforms the cells that form larger colonies in soft agar assay and bigger tumors in nude mice (Pei & Melmed 1997 , Zhang et al. 1999b ). The knock-down of PTTG1 in H1299 lung cancer cells inhibits soft agar colony formation . Several mechanisms are proposed for PTTG1 role in cancer development. PTTG1 induces chromosome instability through binding to separase and regulating sister chromosome separation (Waizenegger et al. 2002) . PTTG1 also induces genetic instability by inhibiting DNA damage repair through interfering with Ku heterodimer formation (Kim et al. 2007a) . PTTG1, as a transcription factor, can directly and indirectly induce expression of genes that are involved in regulating tumorigenesis and cancer development. PTTG1 binds to c-Myc promoter and induces its expression in transfected NIH 3T3 cells (Pei 2001) . PTTG1 induces bFGF in NIH 3T3, HEK293, NT-2, JEG-3, and MCF-7 cells through interacting with its binding factor (PBF; Chien & Pei 2000 , McCabe et al. 2002 . PTTG1 also induces vascular endothelial growth factor (VEGF) and matrix metalloproteinase (MMP)2, which play an important role in tumor development and cancer metastasis (McCabe et al. 2002 , Hunter et al. 2003 . PTTG1 interacts with transcription factors including p53, Sp1, and upstream stimulatory factor 1 (USF1), which may induce additional genes involved in tumorigenesis and cancer development (Pei 2001 , Bernal et al. 2002 , Tong et al. 2007 . Several groups investigated the relation of PTTG1 transcription function and cell transforming activity. Zhang et al. (1999b) reported that mutation at PTTG1 C-terminal PXXP motif abolishes PTTG1 transforming activity. Boelaert et al. (2004) indicated that the mutation in PXXP motif abolishes PTTG1 ability in transactivating bFGF. These results suggested that PTTG1 transcription function might be required for cell transforming activity.
PTTG1 transactivating domain, DNAbinding site and its regulation PTTG1 is highly hydrophilic and contains a basic N-terminus and an acidic C-terminus. The PTTG1 C-terminal acidic domain suggests that PTTG1 possesses transactivation activity (Ptashne 1988) , which was confirmed by Dominguez et al. (1998) in budding yeast and mammalian cells. The C-terminal portion of hPTTG1 activated transcription of his3 and lacZ genes in budding yeast HF7c as well as the luciferase gene in mammalian cells (Dominguez et al. 1998) . Murine PTTG1 was also shown to possess transactivating ability, which correlated with its transforming properties (Dominguez et al. 1998) . Deletion and mutagenesis analysis in the C-terminal region suggested that P 139 , S 159 , P 157 -P-S-P 160 , and L 120 -D-F-D-L 124 were critical for PTTG1 transactivating ability (Dominguez et al. 1998) . Transient transfection of fusion constructs containing the GAL4 DNA binding domain and different PTTG1 fragments indicated that the transactivation domain is located between amino acids (aa) 119 and 164 (Pei 2000) . Pei demonstrated that PTTG1 binds to the c-Myc promoter and identified a PTTG1 DNA-binding domain (aa 61-118) using electromobility shift assay (EMSA; Pei 2001) . Further studies suggested that PTTG1 directly binds to the c-Myc promoter at sequences K3 and K5 and between K15 and K20 (relative to transcription starting site). These sites are required for PTTG1 DNA binding, suggesting a GCCGAT-NNNNNNNNNGCA PTTG1 binding motif (Pei 2001) .
PTTG1 contains several regulatory domains. PTTG1 N-terminal SH3 domain-binding motif (located between aa 51 and 54) is important for interaction with mitogen-activated protein kinase (MEK)1 (Pei 2000) . PTTG1-MEK interaction is required to mediate effects of MAPK on PTTG1 transactivation activity. PTTG1 contains a consensus MAPK phosphorylation site (P-X-S/T-P) within the transactivation domain and is phosphorylated by MAPK at S 162 (human S165) in vitro, which is critical for PTTG1 transactivation function (Pei 2000) . PTTG1 contains a destructive box that is conserved in human, rat, and mouse PTTG1. Also, a KEN box in human or KDN box in mouse and rat are found to be involved in PTTG1 degradation (Zur & Brandeis 2001) , with no evidence to suggest that they are involved in PTTG1 transcription activity regulation. A schematic representation of human PTTG1 protein is displayed in Fig. 1 .
PTTG1 interacts with proteins involved in the transcriptional process PTTG1 directly binds to several gene promoters and regulates the transcription processes by interacting with other proteins. PTTG1 interacts with w80 proteins including several transcription factors such as TBPL1 and ABT1 (Tong et al. 2008) . Several proteins that have been thoroughly studied and shown to relate to PTTG1 transcription activity include PBF, p53, Sp1, and USF1 (Fig. 2) . 
PTTG1 and PBF
PBF was identified as a PTTG1 interacting protein by using a yeast two-hybrid screen and the PTTG1-PBF interaction was further confirmed by co-immunoprecipitation (Chien & Pei 2000) . PBF contains an open reading frame of 179 aa with a predicted molecular mass of 22 kDa. Deletion of 30 aa from the C-terminus abolished interaction between PBF and PTTG, suggesting that 30 C-terminal aa are necessary for PBF binding to PTTG1 (Chien & Pei 2000) . The PBF C-terminal 30 aa domain contains a nuclear localization signal (NLS). PBF lacking the NLS domain can no longer bring PTTG1 into the nucleus, suggesting that the domain mediates PTTG1 nuclear translocation. The region between aa 123 and 154 of PTTG1 is essential for the interaction with PBF. PTTG1 and PBF coordinately regulate fibroblast growth factor 2 (FGF2) and sodium-iodine symporter expression (Chien & Pei 2000 , Boelaert et al. 2007 ).
PTTG1 and p53
PTTG1 was found to induce p53 expression and apoptosis (Yu et al. 2000) , confirmed by Hamid & Kakar (2004) in MCF-7 and HEK293 cells. PTTG1-p53 interaction was then demonstrated by phage display assay (Bernal et al. 2002) . The assay indicated that PTTG1 interacts with a p53 fragment containing residues 109-374. Glutathione S-transferase (GST) pull-down assay indicates that residues (aa 300-374) of p53 and residues (aa 66-99) of PTTG1 are important for mutual interaction. The PTTG1-p53 interaction was confirmed by immunoprecipitation. In gel shift experiments using MCF-7 cell extracts, incubation of cell extracts containing p53 with increasing amounts of purified 6! His-labeled securin inhibited the formation of the complex. Addition of GST-securinDeltaN (a mutant form of securin lacking the 107 amino-terminal residues and fused to GST) or GST had no effect on complex formation, suggesting that securin specifically binds to p53 and interferes with p53 DNA binding capacity (Bernal et al. 2002) . Nuria et al. expressed hPTTG1 using an Escherichia coli system and investigated the PTTG1-p53 interaction. The results demonstrated that PTTG1 is a natively unfolded protein and there is no direct interaction between unmodified recombinant PTTG1 and p53 in vitro (Sanchez-Puig et al. 2005) . Thus, the PTTG1-p53 interaction may require posttranslational modifications.
PTTG1 and Sp1
Sp1 binding motif is enriched in the PTTG1 targeted genes, suggesting an interaction between PTTG1 and Sp1 (Tong et al. 2007 ). The PTTG1-Sp1 interaction is validated in both JEG-3 and HCT116 cells using immunoprecipitation. His-tag pull-down assay further demonstrates that PTTG1 N-terminus (aa 1-120) and Sp1 C-terminus (aa 401-785) are required for their physical interactions. EMSA assay shows that intact PTTG1 shifted the Sp1-DNA complex in a dosedependent manner, suggesting a PTTG1-Sp1-DNA complex. PTTG1 is a bipolar protein, with a basic N-terminus and an acidic C-terminus. Intact but not truncated PTTG1 fragments enhanced Sp1 binding, suggesting that the PTTG1 basic N-terminus binds Sp1, whereas its acidic C-terminus may be important for modulating Sp1 activity. The PTTG1-Sp1 interaction has been shown to regulate the cell cycle by transactivating cyclin D3 and p21 (Chesnokova et al. 2005 , Tong et al. 2007 ).
PTTG1 and USF1
PTTG1 and USF1 form a complex on the c-Myc promoter (Pei 2001) . By performing DNase I footprinting experiments using HeLaS3-PTTG1 cell nuclear extract, a region between K20 and C28 in the c-Myc 5 0 -flanking region was protected from DNase I digestion, suggesting that HeLaS3-PTTG1 cell nuclear proteins specifically interact with this DNA sequence (Pei 2001) . EMSA assays using the sequence between K20 and C28 as a probe resulted in two mobilityshifted bands. The addition of PTTG1 antibody led to super shift of the upper band, whereas pre-immune serum had no effect, suggesting that PTTG1 is present in the protein complex that interacts with the c-Myc 5 0flanking sequence (Pei 2001) . Inclusion of anti-USF1 antibody results in the disappearance of the upper band of the two mobility-shifted bands, suggesting that USF1 is a component of the protein complex that interacts with the 48-bp c-Myc sequence. The addition of both anti-PTTG1 and USF1 antibodies resulted in the disappearance of the upper band and the supershifted band, suggesting that USF1 was in the same protein complex with PTTG1 (Pei 2001) . Boelaert et al. (2007) found that USF1 site is important for PTTG1 repression of the human sodium-iodine symporter, indicating that PTTG1-USF1 complex may localize on the sodium-iodine symporter promoter.
PTTG1 transcriptional targets
PTTG1 interacts with several known transcriptional factors and was subsequently found to bind to w700 gene promoters (from w20 000 gene promoters) using a Chromatin immunoprecipitation (ChIP)on-chip assay. About 400 targets were identified and categorized into three major functional groups involved in cell cycle, metabolic control, or signal transduction pathways (Tong et al. 2007) , indicating a role for PTTG1 in transcriptional regulation of genes involved in a variety of cellular processes. Among the PTTG1 transcriptional targets, c-Myc, FGF2, cyclin D3, p21, sodium-iodine symporter, prolactin (PRL), and MMP2 are the most investigated and detailed as follows (Fig. 2 ).
c-Myc
By coupling a tightly regulated inducible-PTTG1 expression cell system and DNA arrays (investigation of 84 genes), Pei found that c-Myc level (mRNA and protein) was induced within 6 h of induction of wild-type PTTG1 expression (Pei 2001) .There was no change after induction of the transactivation-defective mutant PTTG1 expression, indicating that transcriptional activation function of PTTG1 is required to induce the c-Myc expression. Two constructs containing In primary thyroid and PTTG1-null cell lines, transactivation of FGF2 by hPTTG1 was not affected by PTTG1 phosphorylation, but it was dependent on the integrity of C-terminal PXXP motifs (Boelaert et al. 2004 ). The activity of FGF2 promoter luciferase reporter was not induced by transfecting PTTG1 or PBF expression vector alone, yet its was induced more than threefold by transfecting PTTG1 and PBF together, suggesting that PBF is required for PTTG1 activation of FGF2 transcription (Chien & Pei 2000) .
Sodium-iodine symporter
The sodium-iodine symporter is responsible for the active and avid uptake of iodine by the thyroid gland. Radioiodine therapy for well-differentiated thyroid tumors relies upon the activity of sodium-iodine symporter. PTTG1 was found to suppress sodiumiodine symporter expression and may be responsible for aggressiveness of the disease , Boelaert et al. 2007 . A detailed investigation of the mechanism found that PTTG1 overexpression reduces sodium-iodine symporter level; co-transfection of PTTG1 and PBF resulted in an enhanced repression compared with PTTG1 alone. A mutant of PTTG1 (SH3-), which is unable to transactivate FGF2, also repressed sodium-iodine symporter levels (Boelaert et al. 2007) . By transfecting sodium-iodine symporter promoter luciferase reporter constructs and PTTG1 into FRTL-5 cells, PTTG1 was unable to repress basal promoter activity (containing the proximal 544 bp), but significantly reduced activity of the hNUE element (containing the upstream enhancer USF1 site), which suggests that PTTG1 signals via the USF1 site on sodium-iodine symporter promoter (Boelaert et al. 2007 ).
Cyclin D3
Cyclin D3 was identified as a target of PTTG1 by ChIPon-chip assay and validated by realtime PCR (Tong et al. 2007) . ChIP showed that PTTG1 and Sp1 co-localize on the cyclin D3 promoter in both JEG-3 and HCT116 cell lines. Cyclin D3 levels are coordinately regulated by PTTG1 and Sp1 (Tong et al. 2007 ). Transfection of PTTG1 or Sp1 expression plasmid enhances cyclin D3 level, while transfection of PTTG1 or Sp1 siRNA reduces its expression level. Transfection of PTTG1 plasmid and Sp1 siRNA reversed the effect of each other, and resulted in a median level of cyclin D3 expression. The PTTG1-regulated cyclin D3 levels in JEG-3 cells are important for G1/S phase transition. PTTG1 siRNA treatment decreased cyclin D3 level, increased G1 and decreased the number of cells in S phase. Co-transfection of PTTG1 plasmid with Sp1 siRNA or PTTG1 siRNA with Sp1 plasmid reverses the effect of each other on S phase cells (Tong et al. 2007 ).
p21
The p21 levels are significantly higher in PTTG1 K/K tissue (Chesnokova et al. 2005) , indicating that PTTG1 might suppress p21 expression. Chesnokova et al. (2007) explored the possibility that PTTG1 transcriptionally suppresses p21. Chinese hamster ovary cells were transfected with a murine p21 promoter-luciferase reporter construct and co-transfected with increasing amounts of human WT PTTG1. P21 promoter activity was suppressed dose dependently by the PTTG1 expression plasmid but not by a control plasmid (Chesnokova et al. 2007 ). ChIP assay further demonstrated that PTTG1 is recruited to the endogenous p21 promoter, spanning the first 120 nucleotides upstream from the transcription start site, but did not bind from the K468 to K765 promoter regions. EMSA assay further confirmed that PTTG1 binds the p21 promoter consensus sequence in the first 120 nucleotides upstream from the transcription start site. PTTG1 antibody dose dependently abolished PTTG-p21 binding, suggesting antibody binding interferes with formation of protein-DNA complexes (Chesnokova et al. 2007 ). PTTG1 mediates cell senescence though regulating p21 expression. Rb C/K Pttg K/K mice have higher p21 levels than Rb C/K , which induce cell senescence and subsequently restrain pituitary tumor development (Chesnokova et al. 2007 ). p21 deletion restores attenuated pituitary proliferation rates and tumor development in Rb C/K Pttg K/K mice (Chesnokova et al. 2008) . Interestingly, overexpression of PTTG1 in GH3 pituitary cells induces p21 expression and senescence (Chesnokova et al. 2008 ), suggesting a sophisticated p21 transcriptional regulation.
Prolactin hPTTG1, and particularly its C-terminus (aa 147-202), regulates pituitary hormone expression (Horwitz et al. 2003) . Pituitary lacto-somatotroph GH3 cells transfected with wild-type PTTG1 C-terminus expression vector decreased (w10-fold) PRL expression, and PRL hormone secretion, compared with cells overexpressing a mutated PTTG1 C-terminus SH3 binding motif (Horwitz et al. 2003) . In contrast to PRL, GH mRNA expression, and GH secretion in GH3 cells was enhanced (fourfold; Horwitz et al. 2003) . Direct effects of the PTTG1 C-terminus on PRL gene transcription were confirmed using PRL promoter-driven luciferase activity assay (Horwitz et al. 2003) . However, there is no evidence showing that PRL is a primary target of PTTG1.
MMP2
Levels of PTTG1 and MMP2 correlated with angiogenesis and tumor metastasis (Liabakk et al. 1996 , Ramaswamy et al. 2003 , suggesting a relationship between PTTG1 and MMP2. Malik and Kakar (2006) examined secretion and expression of MMP2 in HEK293 cells transiently or stably transfected with PTTG1 cDNA, and found that transfection of HEK293 cells with PTTG cDNA resulted in enhanced secretion of MMP2. The authors determined MMP2 gene promoter activity and demonstrated a significant (w11-fold) increase in MMP2 gene promoter activity in cells transfected with PTTG1 cDNA compared with cells transfected with pcDNA3.1 vector . Thyroid tumors induced in mice by stable expression of PTTG1 showed increased MMP2 expression and activity. MMP2-specific antibody treatment led to decreased cell migration and invasion in vitro. Whether PTTG1 directly binds the MMP2 promoter is not clear.
Future direction
Accumulating evidence suggests PTTG1 as a biomarker for cancer malignancy and treatment outcome. PTTG1transactivating functions are likely important for the observed phenomenon. PTTG1 regulation of the transcription machinery assembly will be of particular interest. Recent research shows that PTTG1 regulates the chromatin structure and histone modification, suggesting that further investigation is needed to elucidate the role of PTTG1 in the regulation of gene transcription at an epigenetic level.
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